ABSTRACT: A new rice−loach co-culture system was introduced into the Honghe Hani Rice Terraces (HHRT), China, to promote sustainable development of this World Heritage region. However, little is known about the survival of loaches in this area and whether they are safe to eat after having been exposed to residual organochlorine pesticides (OCPs). Although some OCPs such as dichlorodiphenyl trichloroethanes (DDTs), hexachlorocyclohexanes (HCHs), aldrin, and dieldrin have been banned in China, they can still be detected in the agricultural environment. In this study, water, sediment, and loaches (water and sediment collected 3 times; loaches only at harvest) in the HHRT were simultaneously sampled throughout the culture season and analyzed for 22 selected OCPs. Results showed that the concentration of total OCPs in the water and sediment uniformly decreased in the following order May > August > October and that samples collected during August and October clustered together in nMDS analysis, differing from those collected in May. Some OCPs, such as heptachlor, heptachlor epoxide, endosulfan I, endosulfan II, DDTs and HCHs were present in abundance. DDTs and HCHs were persistently present in low sediment concentrations at 0.21−1.27 and 0.01−0.95 µg kg −1 , respectively, suggesting that a new origin of these pesticides may exist. Hepta chlor accounted for the majority of OCPs at the beginning of the co-culture season and was calculated to influence the survival of loaches. Residual OCPs were generally not detected in the muscle of loaches (i.e. the edible part of loaches) being sent to market and therefore pose a low risk to humans who eat them. Overall, the results of this study will be useful in the production and consumption of loaches in rice−loach coculture systems, as well as for the promotion of sustainable development of the HHRT.
INTRODUCTION
Because of the drastically increasing world population, global food security is becoming increasingly fragile (Godfray et al. 2010) . Land limitations in mountainous regions face particularly great challenges in terms of producing sufficient amounts of food (Xie et al. 2011) . Accordingly, people have improved planting patterns to adapt to harsh environments (Mäder et al. 2002 , Singh 2007 . One example is the Honghe Hani Rice Terraces (HHRT), which comprise a well-known World Agricultural Heritage Site in southern Yunnan Province, China (Gu et al. 2012 . In order to meet the needs of development, our group introduced a rice−loach coculture system in the local area. The terraces were built to store water, preserve soil, and increase production; the introduction of the rice−loach system was not in conflict with these objectives. Local residents are willing to co-culture rice and loaches Misgurnus anguillicaudatus. There is a loach nursery in the local area to facilitate the supply of loach seedlings. According to a production survey carried out by local farmers, the output of loaches increased to 750 kg ha −1 , and the rice yield increased from 10 500 to about 12 750 kg ha −1 after the introductioin of the rice-loach co-culture system Inevitably, pests, weeds, and pathogens infiltrate almost all paddy soils, including rice terraces (Kim & Smith 2001) . Organochlorine pesticides (OCPs), such as dichlorodiphenyl trichloroethanes (DDTs) and hexachlorocyclohexanes (HCHs) (Lal et al. 2010) , have been widely applied as pesticides for several decades. Although most OCPs were banned between the 1970s and 1990s, they may still remain in the soil (Qiu et al. 2005 , Mahmoud et al. 2016 .
OCPs in paddy soils and overlying water may influence the survival of aquatic organisms newly introduced by the co-culture system. Exposure to OCPs has been reported to be associated with the disruption of antioxidant enzymes and neurotransmitters (Mrema et al. 2013) and to induce behavioral changes in aquatic organisms (Daley et al. 2014) . Accordingly, the acute or chronic toxicity of different OCPs has been tested in some staple aquatic organisms (Singh 2016) ; however, little is known about the safe exposure concentration of OCPs with respect to loaches. Additionally, in the rice−loach co-culture system, loaches feed on natural sources which are exposed to OCPs (e.g. phytoplankton and zooplankton) rather than on formulated feeds. Thus, the risks posed by OCPs on the entire loach food chain in paddy soils should be addressed, with the purpose of assessing the safety of loaches as food for humans.
Residual OCPs can be found in the edible muscle of aquatic products being sold at market. For example, Zhang et al. (2016) measured concentrations of 21 OCP residues in loach species inhabiting rice paddies in northeast China and found that DDTs and HCHs accounted for over 97% of the total OCPs. Residual OCPs in loaches were high or the OCPs present were harmul, thus making the consumption of loach a dietary risk for humans ).
Moreover, organic chlorine has been detected not only in the rice field system but also in natural systems. In particular, DDTs have frequently been found in aquatic products that were captured in natural systems (e.g. reservoir, river, or lake) (Fu et al. 2003 . Inferentially, as a category of persistent organic pollutants (POPs), the OCPs are threatening human health via the food web. Thus, it is essential to determine how residual OCPs remaining in the HHRT influence the survival of loaches and assess their safety as a food product in the newly introduced rice−loach co-culture system.
In the present work, water and sediment in the HHRT were collected 3 times throughout the culture season (pre-culture in May, mid-term in August, and harvest in October). Loach samples were only collected during harvest, and 22 OCPs were analyzed using a gas chromatography-tandem electron capture de tector (GC-ECD). The objective of this study was to explain how OCPs influence the survival of loaches cultured in paddy soils and evaluate the human health risk associated with their consumption. Further analysis should help us establish guidlines to promote the production and consumption of loaches in the rice−loach co-culture system in the World Heritage HHRT.
MATERIALS AND METHODS

Study area and sampling strategy
The village of Nimei in Honghe County was selected as the study area (Fig. 1) . It is located at a high altitude in the core area of the HHRT and contains a terrace with an area of approximately 35 ha. The agricultural water sources in the area are from the Red Star Reservoir, the only reservoir in the area. Water and sediment were collected from 9 evenly placed sampling locations at 3 time points throughout the culture season (May, August, and October); loaches were collected during the harvest season in October. The purpose of our study was to explore the effects of OCPs throughout the culture season. Each sampling site represented an area of farmland completely retained by a constructed edge.
Water samples were collected 10 cm below the surface, and sediment was collected from the top of paddy soils. Overall, 54 water and sediment samples were collected during the study. Loach samples were collected with the help of local residents and were only collected in October shortly before the time when the loaches would be sent to market. The sam-pling area was divided into 3 regions; 3 sampling sites were set up in each re gion, and 3 loach samples were collected at each sampling site and were combined to form one sample, yielding a total of 9 samples. All samples were transported to the laboratory for pretreatment immediately upon collection.
Chemicals
A total of 22 OCPs, including DDTs (o,p'-DDT, p,p'-DDT, o,p'-DDD, p,p'-DDD, o,p'-DDE, p,p'-DDE, and methoxychlor) , HCHs (α-HCH, β-HCH, γ-HCH, and δ-HCH), heptachlors (heptachlor and heptachlor epoxide), drins (aldrin, isodrin, dieldrin, and endrin), endosulfans (endosulfan I and endosulfan II), chlordane, mirex, and hexachlorobenzene, were selected for analysis in the present study. All OCPs standards and internal standards ( 13 C-labeled stock solutions) were over 98% pure and purchased from the Dr. Ehrens torfer Company. Dichloromethane, hexane, and acetone used for pretreatment were of chromatography grade and were purchased from Merck.
Pretreatment and instrumental analysis
Samples were pretreated and quantified as described in related research ) and the literature (Sun et al. 2016) , with minor modifications.
Briefly, 250 ml water samples were transferred into a separating funnel, after which 40 ml hexane: dichloromethane (1:1, vol:vol) was added to extract the OCPs. Subsequently, the supernatant was concentrated by rotary evaporation for subsequent instrumental analysis.
Next, approximately 5 g freezedried sediment was weighed and transferred into a centrifuge tube, after which 20 ml hexane:acetone (1:1, vol:vol) was added, mixed, and centrifuged for extraction. The supernatant was then cleaned with anhydrous sodium sulfate and florisil solid phase extraction (SPE) columns. SPE proceeded as follows: 5 ml acetone: hexane (1:9, vol:vol) was used for activation, after which the supernatant was loaded into the column and then eluted with 6 ml hexane. The elution so lutions were concentrated for instrumental analysis.
The edible part of the loaches, i.e. muscle, was cut into small pieces with scissors, then homogenized. Approximately 2 g of freeze-dried muscle tissue was then used to ex tract OCPs by accelerated solvent extraction (ASE; BUCHI) using procedures similar to those used for sediment.
A GC-ECD (Agilent-7890A) was used to analyze the 22 OCPs. All compounds were separated using a DB-5 capillary column (30 m × 0.25 mm; i.d. = 0.25 µm). The oven temperature was programmed as follows: initial temperature 100°C, which was held for 1 min, followed by an increase to 250°C at 30°C min −1 and then a further increase to 290°C, where it was held for 5 min. For accurate quantification and rigorous quality assurance, method detection limits (MDLs) and recoveries were calculated. The MDLs, which were defined as 10× the signal-to-noise ratio, were 2.13−4.21 ng l , and 0.51−9.50 µg kg −1 for water, sediment, and loach samples, respectively. The ranges of recovery were 45.51−110.12, 52.34−118.15, and 50.20−115.23% for water, sediment, and loach samples, respectively.
Data processing
Total OCPs, total DDTs, and total HCHs were denoted as OCPs, DDTs, and HCHs, respectively; see Table 1 for ranges and mean values. To determine the distribution of water and sediment samples, non-metric multidimensional scaling (nMDS) was used in the R platform (Oksanen et al. 2006) . Further data was analysed as de scribed below to assess the survival risk of loaches and the risks posed to humans who consume them.
Survival risk of HHRT loaches
The living environment, including water and sediment, jointly influence the survival of loaches due to their benthic habits. Thus, the survival risk quotient (SRQ) was defined as the mean value of risk characterized by water and sediment, namely SRQ water and SRQ sediment , respectively, that is, the SRQ was calculated using Eq. (1):
Here, SRQ water was calculated using Eq. (2):
where MC is the measured concentration of each OCP in water, and PNEC water is the predicted noeffect concentration calculated using the ECOSAR software model (Song et al. 2016 ). This model is mainly used to calculate acute toxicity values of organic matter. Because there were no toxicity values for loaches, the acute toxicity value of fish was used instead. Similarly, PNEC sediment could be deduced from the PNEC water as determined in a previous study (Wang 2017) , and SRQ sediment could be calculated using Eq. (2), where PNEC water was used instead of PNEC sediment . Be cause of the vital role of zooplankton and phytoplankton in the growth of loaches when formulated feed is not supplied, the survival of these organisms was also calculated. However, as they only occur in water, only Eq. (2) was used.
Dietary risk of loaches before sale
To assess the dietary risk posed by loaches collected at the end of the co-culture season (shortly before sale), the estimated daily intake (EDI) of each detected OCP residue in the loach samples was calculated as follows:
where C is the average concentration of each OCP (µg kg −1 loach weight), R is the reference value of national fish consumption (0.0308 kg fish weight d −1 based on the national total diet survey) , and BW is the average body weight of Chinese residents (60 kg). The EDI value was expressed as a percentage of the acceptable daily intake (ADI) value (Granados-Galván et al. 2015) , with values >10% indicating a potential risk associated with loach consumption (Song et al. 2017 ).
RESULTS
Occurrence of OCPs detected in the HHRT
The concentration of total OCPs in water and sediment uniformly decreased through time, following the order May > August > October (Fig. 2) HCHs, endosulfan I, and isodrin comprised the total OCPs (in order from high to low concentration), while endosulfan I, heptachlor, endosulfan II, DDTs, and HCHs comprised the total OCPs in the sediment (also in order from high to low). Overall, the residual profile of OCPs in the coculture en vironment differed over time. Specifically, sediment and water samples collected in August and October were clustered together on the nMDS plot and differed from those collected at the beginning of the season (May) (Fig. 3) . For HCHs (Table 1) , α-and δ-HCH were detected in the water, with α-HCH accounting for most of the total HCHs, while in the sediment, all isomers (α-, β-,γ-, and δ-HCH) were detected, but γ-and δ-HCH accounted for the majority at the beginning of the coculture period and α-and β-HCH were rarely detected at end of the period. Evaluation of DDTs (Table 1) Methoxychlor, aldrin, hexachlorobenzene, and mirex were not detected in the co-culture environment during the experimental period.
Survival risk of HHRT loaches
Similar to other fish, loaches are affected by environmental organic pesti cide residues. Through the calculation of SRQ, it was found that OCPs in the environment influenced the survival risk of fish (and by proxy of loaches), but not of plankton (Fig. 4) . Most OCPs did not affect the survival risk to loaches. However, the SRQ for hepta chlor was 5.29, 1.17, and 2.44 in May, August, and October, respectively, in dicating that hep- tachlor posed a survival risk to loaches throughout the entire co-culture season. In May the SRQs for endrin and chlordane were 1.66 and 1.90, respectively, indicating that these 2 OCPs posed a survival risk to loaches at the beginning of the co-culture season. The SRQs of plankton for all types of OCPs at different sampling times were all less than 1, indicating that the natural food resources of the loaches living in HHRT were not affected by OCPs.
Assessment of risk associated with consumption of loaches
As shown in Table 2 , residual OCPs were generally not detected in the muscle of loaches sent to market. Indeed, only HCHs, DDTs, and hexachlorobenzene were detected, with residual values of 0.45, 3.56, and 0.52 µg kg −1 , respectively. The EDI values of HCHs and DDTs accounted for less than 0.02% of the ADI, indicating that the 2 categories of OCPs pose little risk to human health. It should be noted that the EDI of hexachlorobenzene was not calculated because there was no ADI value available.
DISCUSSION
The present study investigated occurrences of 22 OCPs in water, sediment, and loaches in the HHRT, aiming to explore how OCPs influence the survival and edibility of loaches living in the newly introduced rice−fish co-culture system. The total OCPs (ΣOCPs) in all sediments collected in the HHRT of southwest China ranged from 3.83 to 10.69 µg kg −1 , which is similar to the residual levels present in the rice paddy fields of northeast China (1.01 to 12.04 µg kg −1 ) ). These results confirm that Some OCPs, such as heptachlor, heptachlor epoxide, endosulfan I, endosulfan II, DDTs, and HCHs, were abundant in the co-culture environment of the HHRT. Additionally, DDTs and HCHs were persistently present at lower concentrations in the sediment, with values ranging from 0.21 to 1.27 and 0.01 to 0.95 µg kg −1 , respectively. The residual levels of DDTs in the sediments in this study were similar to those in paddy soils of Northeast China (mean: 1.50 µg kg −1 ) ) but were much lower than those in soils from the Pearl River Delta (mean: 24.7 µg kg −1 ) (Fu et al. 2003) , Beijing (mean: 77.18 µg kg −1 ) (Li et al. 2008 , Tao 2008 , and the Yangtze River Delta (mean: 56.2 µg kg −1 ) (Sun et al. 2016) . When compared with DDTs, the residual levels of HCHs in sediments were comparable to those in paddy soils of Northeast China (mean: 1.99 µg kg −1 ) , to surface sediment from the Pearl River Delta (mean: 3.01 µg kg −1 ) (Fu et al. 2003) , and to agricultural sediment from the Yangtze River Delta (mean: 2.46 µg kg −1 ) (Sun et al. 2016 ). These regional variations in sediment concentrations of DDTs among natural systems may be a result of their proximity to agricultural systems. Conversely, the sediment concentrations of HCHs did not vary significantly among regions. Because of the persistence and lipid solubility of these compounds, residual levels of DDTs and HCHs were detected in the muscle of loaches. However, the levels were relatively low (< 0.1%), indicating that residual DDTs and HCHs in loaches being sent to market do not pose a threat to human health via consumption.
DDTs and HCHs were banned years ago, but still remain in the environment. The sources of these pesticides deserves attention. The ratios of DDD/DDE and DDT/(DDD+DDE) are gen erally used to assess the extent of DDT decomposition because DDT is de graded into DDE and DDD under aerobic and anaerobic conditions, respectively (Hu et al. 2010 . In the present study, higher DDT/ (DDD+ DDE) ratios were found in the water (range: 0.58 to 1.81) and sediment (range: 0.59 to 2.04) at the beginning of the co-culture period, while no DDT isomers were detected in the muscle of loaches being sent to market.
These results indicate that the HHRT may have new inputs of DDTs, but that the aquatic organisms are not being affected by residual DDTs. This could have occurred because the co-culture fish species were only 1 yr old. Generally, α-HCH is the predominant isomer in technical HCH, and this isomer accounts for 55 to 80% of the total HCHs (Cui et al. 2015) . In this study, abundant re sidual levels of α-HCH in the water were detected at values ranging from 1.59 to 10.85 ng l −1 , while they were rarely detected in the sediment. No residual γ-HCH was detected in the water, and very little was detected in the sediment, indicating that new inputs of HCHs may exist, but they are not being deposited in the sediment. In addition, the input of these OCPs may be due to remote transportation through the atmosphere, as most OCPs have been banned (Xing et al. 2010 , Sun et al. 2018 . Therefore, monitoring of OCP residues needs to continue.
On the nMDS plot, samples collected during May clustered together, confirming that the highest concentration of total OCPs occurred at the beginning of the co-culture season. This may be because the surface sediment and water environment of rice fields are affected by farming. In addition, the continuous flow of water will also affect the distribution of pesticides. Endosulfan II and heptachlor were largely detected in water and sediment, re spectively; however, only heptachlor posed a high potential risk to the entire food chain of cultured aquatic species. This may be because its highly stable structure enables heptachlor to persist in the environment for decades, posing an ecological risk to zooplankton and phytoplankton (Purnomo et al. 2013) . Magnani et al. (1978) reported that growth, productivity, chlorophyll a content and cell size distribution of phytoplankton were inhibited by the presence of chlordane and heptachlor (Magnani et al. 1978) . Overall, the results of the present study indicate that heptachlor remaining in the HHRT should receive more attention. 
CONCLUSIONS
The present study aimed to explore how residual OCPs influence the survival and edibility of loaches living in the newly introduced rice−fish co-culture system in the World Heritage HHRT. Among all 22 selected OCPs, heptachlor, heptachlor epoxide, endosulfan I, endosulfan II, DDTs, and HCHs were detected in abundance. Although some DDTs and HCHs may have been recently introduced, they were persistently present in low concentrations in water, sediment, and the muscle tissue of loaches, posing no potential survival risk for loaches or health risk for human consumption. Additionally, heptachlor accounted for most of the OCPs found at the beginning of the co-culture season and influenced the growth of zooplankton and phytoplankton, and therefore the survival of loaches; however, no residual levels were detected in the muscle of loaches. Nevertheless, heptachlor in the HHRT should receive more attention in future studies.
